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This communication demonstrates that gentle infrared laser heating can remove unwanted
buffer adducts from a gas-phase protein complex without dissociating the complex itself.
Specifically, noncovalent complexes of the oligopeptide-binding protein, OppA, bound to
either (Ala)3 or LysTrpLys were electrosprayed from aqueous buffer solution into a 9.4 tesla
Fourier transform ion cyclotron resonance mass spectrometer. In addition to the intact
complexes, several additional buffer adduct species were produced under the conditions of the
experiment. Irradiation of the trapped ion population with a continuous-wave infrared CO2
laser at relatively low power (2.5 W) for 1 s dissociated the buffer adducts but retained the
intact protein:peptide complexes. Adduct-free complex(es) were then readily identified, and
signal-to-noise ratio also increased by an order of magnitude because the same number of
protein ions are distributed over fewer species. Higher IR power (5 W for 1 s) dissociated the
adduct-free complex(es) without internal fragmentation. The present in-trap clean-up tech-
nique may prove especially useful for identifying and screening the combinatorial library
ligands most strongly bound to a receptor in the gas phase. (J Am Soc Mass Spectrom 2000,
11, 1023–1026) © 2000 American Society for Mass Spectrometry
Electrospray ionization (ESI) combined with Fou-rier transform ion cyclotron resonance mass spec-trometry (FT-ICR MS) has become a powerful
tool for the examination of protein structure and func-
tion [1, 2]. The power of the FT-ICR technique lies in its
high resolving power and mass accuracy, particularly at
high magnetic field strength [3]. With high mass accu-
racy, one can readily identify noncovalent protein ad-
ducts from the shift in mass from that of the free
protein. It is worth noting that FT-ICR mass resolving
power varies inversely with mass-to-charge ratio [4].
Consequently, adding more charge to a protein/pep-
tide makes it easier to resolve the isotopic distribution
and thus improves mass accuracy.
FT-ICR MS has been used to determine the mass of
very large unmodified and covalently modified pro-
teins (.100 kDa to within a few Da) [5]. However,
generation of high charge states by electrospray ioniza-
tion typically requires solution-phase conditions (high
organic content at low pH) that denature the protein.
Under these conditions, noncovalent complexes are
unlikely to survive. Therefore, in order to gain the most
accurate representation of noncovalent complex bind-
ing, the complex is introduced from aqueous solution
and buffered to pH 5.0, a pH at which the protein is
known to be folded.
Electrospray ionization of noncovalent protein com-
plexes from an aqueous buffer can be quite challenging,
particularly due to formation of adducts between the
protein and other buffer/solvent components. The
presence of these adducts can interfere with identifica-
tion of the adduct-free protein, especially if an adduct-
free complex is present at low abundance relative to
adducts. Previous studies have shown that heating
uncomplexed protein or DNA ions in the gas phase with
a CO2 infrared laser can remove salt and sodium
dodecylsulfate adducts, thereby improving the signal-
to-noise ratio and reducing the complexity of the mass
spectrum [6–9]. Collision-induced dissociation has also
proved effective at removing adducts [10]. In fact, the
noncovalent protein complex formed between the dena-
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tured form of the protein OppA and the chaperone Sec
B was subjected to in-trap cleanup by collision-induced
dissociation [11]. In this paper, we demonstrate an
in-trap cleanup procedure for complexes of the protein
OppA with tripeptides of differing binding affinities.
Specifically, we show that continuous-wave (cw) infra-
red CO2 irradiation can effect removal of buffer adducts
without dissociating the gas-phase complex.
Experimental
Instrumental
Experiments were performed with a previously de-
scribed 9.4 tesla ESI FT-ICR mass spectrometer config-
ured for external ion accumulation [12, 13]. Samples
prepared as below were infused into a tapered 50 mm
i.d. fused silica micro-ESI needle [14, 15] at a rate of 300
nL min21 and a concentration of ;10 mM. Ions were
typically electrosprayed with a needle voltage of 2.5 kV
and desolvated with a metal capillary current of 3.5 A.
Ions were accumulated in a linear octopole ion trap
(operated at 1.5 MHz and 200 Vp-p) for 1–10 s and then
transferred to a 10 cm diameter 3 30 cm long open-
cylindrical Penning ion trap through a second octopole
ion guide (also operated at 1.5 MHz and 200 Vp-p). A
trapping potential of 2 V was applied to each end cap
electrode. The ions were irradiated with a Synrad
(Mukilteo, WA) 50 W cw CO2 (l 5 10.6 mm) laser
aligned on-axis with the ion cloud. For this work the
instrument base pressure was 2 3 1028 torr. An Odys-
sey data station (Finnigan, Madison, WI) controlled all
experiments. The time-domain ICR signal was sub-
jected to baseline correction followed by Hanning apo-
dization and one zero-fill before Fourier transformation
and magnitude calculation.
Sample Preparation
OppA protein was prepared as described previously
[16] and subjected to extensive buffer exchange at pH
5.0 in MilliQ water (Millipore) with the pH adjusted by
addition of formic acid (Fisons). The peptides were
purchased from Sigma Chemical and their composition
confirmed by mass spectrometry. Protein:ligand com-
plexes were prepared by mixing equimolar solutions of
protein and ligand. The concentrations of peptides and
protein were confirmed by amino acid analysis. The
final concentration of the complex for analysis was 10
mM. In the competitive binding experiment OppA,
AAA, and KWK were present at a concentration of 10
mM.
Results and Discussion
ESI of a protein from its native solution phase can be
difficult for several reasons. First, it is often difficult to
obtain a stable spray from a 100% aqueous solution. The
addition of buffer to water usually aids the electrospray
process. Second, protein ions generated from aqueous
solutions by ESI possess fewer charges than when
generated from high organic content and low pH solu-
tions. The lower charge on the protein increases the m/z
ratio above the typical operating range for high-resolu-
tion mass analysis (500–2000 m/z). Third, counterions in
the solution can bind to the protein and remain bound
to the gas-phase ions. Such adducts complicate the
interpretation of the mass spectrum in two ways: (a)
presence of additional peaks at m/z above that of the
unadducted protein, and (b) reduction in signal because
the same number of protein ions are now distributed
among additional adduct species. If the analyte in
question is complexed with a protein, the complex may
be masked by the presence of other nonspecific ad-
duct(s).
Here, we perform ESI FT-ICR MS for the oligopep-
tide-binding protein, OppA (average mass 58,808 Da) in
complex with either of two peptides, AlaAlaAla (AAA)
and LysTrpLys (KWK). Figure 1 illustrates the applica-
tion of the in-trap cleanup technique to the noncovalent
complex formed between AAA and the OppA protein.
The solution phase Kd has not been determined. Previ-
ous mass spectrometry measurements have shown that
the equilibrium dissociation constant, determined with
peptides of known affinity, is of the order of 100 nm
Figure 1. Electrospray ionization 9.4 tesla FT-ICR mass spectra
illustrating in-trap cleanup of the oligopeptide binding protein,
OppA:(Ala)3 complex by application of infrared radiation from a
cw CO2 laser. Note the presence of several buffer adducts (top, no
irradiation), their elimination by mild IR heating (middle, 2.5 W
for 1 s), and photodissociation of the complex by stronger IR
heating (bottom, 5 W for 1 s).
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[17]. At the 10 mM protein concentration used here, the
protein should be predominantly in its bound state. The
presence of numerous adducts with potassium and the
phosphate buffer under these conditions (see Figure 1,
top) interferes with peak assignment. It also compli-
cates any attempt to determine binding affinity from
ion relative abundance [18]. Irradiation of the complex
with a CO2 laser (2.5 W for 1 s) succeeded in removing
the adducts without dissociating the OppA:AAA com-
plex (Figure 1, middle), implying that the peptide is
more tightly bound to the protein in the gas phase than
are the adducts. Also, because the same signal is now
distributed among fewer species, signal-to-noise ratio
also improves significantly. Irradiation at higher laser
intensity (5 W for 1 s) dissociated the noncovalent
OppA:AAA complex without fragmentation (breaking
of covalent bonds) of the peptide or protein (Figure 1,
bottom). These experiments show that it is possible to
strip unwanted adducts from a macromolecular com-
plex, enabling the gas-phase threshold energy for dis-
sociation to be determined by either blackbody infrared
dissociation (BIRD [19, 20]) or focused radiative activa-
tion for gaseous energy transfer (FRAGMENT [21])
techniques.
A more general application is the determination of
solution-phase binding constants based on the relative
abundance of the bound and unbound species [18].
Figure 2 shows the mass spectrum obtained following
in-trap cleanup of OppA bound to an equimolar quan-
tity of the two peptides, AAA and KWK. The mixture
was irradiated with the CO2 laser at 2.5 W for 1 s. As in
Figure 1 (middle), adducts are dissociated, leaving just
the more strongly bound protein:peptide complexes.
For this mixture, the peak corresponding to OppA:AAA
was higher in magnitude than that observed for the
OppA:KWK complex suggesting, in common with pre-
vious studies [17], that AAA has a higher binding
affinity for OppA than KWK.
It is worth noting the advantages of the FT-ICR mass
analyzer in the present experiments. First, it is neces-
sary to trap ions for ;1 s of IR irradiation, thereby
eliminating beam instruments (quadrupole, triple
quadrupole, sector, time-of-flight). Second, compared
to a quadrupole (Paul) ion trap, FT-ICR offers much
higher mass resolving power and mass accuracy, a
requirement for resolving and correctly assigning free
and complexed macromolecules.
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